single-cell genomics is a powerful tool for exploring the genetic makeup of environmental microorganisms, the vast majority of which are difficult, if not impossible, to cultivate with current approaches. Here we present a comprehensive protocol for obtaining genomes from uncultivated environmental microbes via high-throughput single-cell isolation by Facs. the protocol encompasses the preservation and pretreatment of differing environmental samples, followed by the physical separation, lysis, whole-genome amplification and 16s rrna-based identification of individual bacterial and archaeal cells. the described procedure can be performed with standard molecular biology equipment and a Facs machine. It takes <12 h of bench time over a 4-d time period, and it generates up to 1 mg of genomic Dna from an individual microbial cell, which is suitable for downstream applications such as pcr amplification and shotgun sequencing. the completeness of the recovered genomes varies, with an average of ~50%.
IntroDuctIon
The majority of all sequenced bacterial and archaeal genomes belong to only four bacterial phyla, severely skewing our view of microbial genetic diversity 1 . This bias partly results from our inability to cultivate most microbes 2 , which is a necessary step for traditional whole-genome sequencing. Through cultivationindependent approaches, namely the assembly and binning of metagenome shotgun sequencing data 3, 4 and single-cell genomics (SCG) 5, 6 , one can now access the genetic makeup of uncultivated microbes. Both methods bypass the conventional cultivation step, and they can be applied directly to environmental samples. Natural populations that have a high degree of genomic heterogeneity will be more accessible through SCG than through metagenomics, as cross-assembly of multiple strains is avoided. The ability to assign genome fragments to a particular single cell makes SCG a powerful tool to explore the genetic diversity and metabolic potential of uncultivated environmental microorganisms. By applying the protocol described here, we successfully amplified genomes from 201 single cells belonging to 29 mostly uncharted branches of the tree of life 1 . This enabled us to explore their phylogenetic relationships and to discover novel metabolic features of microbial dark matter, groups with no cultivated representatives. The reference genomes generated by SCG also facilitate the interpretation of metagenomic data sets. For example, we demonstrated that single-cell genomes from uncultivated phyla substantially improve the phylogenetic anchoring of metagenomic reads 1 . Mapping of metagenome sequences to single-cell genomes has not only been applied to validating metagenome assembly and binning 7 but also to subsequently improving the single-cell assemblies, as has been shown for SR1 bacteria, atribacteria and ammoniaoxidizing archaea [8] [9] [10] . Other studies successfully used fragment recruitment by single-cell genomes to investigate biogeographic distribution of uncultivated, marine taxa 11, 12 . Although the bulk of the studies using FACS-enabled SCG have focused on bacteria and archaea, this protocol can also be adapted to microbial eukaryotes 13 and mammalian cells 14 .
Several different methods for the isolation of single cells for SCG exist (for a review, see ref. 5) , including serial dilution 15 , micromanipulation 16 , optofluidics (optical tweezing in conjunction with microfluidics 17 ) and laser-capture microdissection of tissue samples 18 . Key advantages of optofluidics include the ability to capture the cell morphology and the reduced reaction volumes within the microfluidic chambers 17 . The main disadvantage is the lower throughput compared with FACS. Owing to its high speed and throughput and its ability to separate individual environmental cells on the basis of various cellular properties (e.g., size, fluorescence, granularity), FACS has become the preferred method for single-cell isolation in the context of SCG. The major limitation is the inability to visually inspect a cell and to minimize reaction volumes to nanogram range. FACS has also been successfully applied to populations. A recent protocol describes the use of FACS to enrich uncultivated symbiont populations 19 . The enriched pool of symbiont cells can undergo whole-genome amplification (WGA) followed by sequencing, yielding a population genome assembly or a homogeneous draft assembly in the case of a clonal population.
Here we describe a protocol for obtaining genomes from individual, uncultivated environmental microorganisms by using random isolation of single cells by FACS. The protocol outlines the pretreatment of environmental samples, cryopreservation and the physical separation of individual cells, followed by lysis, WGA of the genomic DNA and 16S rRNA gene-based identification (Fig. 1) .
Obtaining genomes from uncultivated environmental microorganisms using FACS-based single-cell genomics
Single-cell separation. FACS is the most commonly used highthroughput approach to separate the sample into single cells 6 . Microbial cells can be identified and recovered by FACS on the basis of their DNA content (fluorescence) and scatter signals, which are related to cell size and granularity. Only a few picoliters of the original sample are sorted with the cell, minimizing the risk of contamination from extracellular DNA. The wide variety of cell sorters, operational parameters and environmental samples precludes a single detailed protocol for cell sorting. The protocol below outlines general tips for sorting cells from environmental samples, and it includes details of a few suitable automated liquid-handling systems.
Automation. Approximately half of the single cells isolated for the study reported in ref. 1 were generated by the manual process described in the protocol, which is scalable to higher throughput because of the plate format and is more straightforward to set up than an automated liquid-handling system. Automated liquid-handling systems are, however, suitable for consistent high-throughput SCG applications, and they allow a streamlined and more reliable workflow. We have included a selection of three systems (see Equipment). As scripts will be very specific to each model and configuration and will require customized solutions, we do not include them here. Step 2 
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Box 1 | Volume reduction
Reducing the reaction volumes lowers the risk of reagent-based contamination, as the ratio of single-cell DNA to contaminating DNA is increased. Reduced 2-µl MDA reactions can be performed with the Echo 550 Omnics2 (Labcyte) liquid transfer system in a high-throughput manner, as shown here. This tipless instrument allows acoustic dispensing of minute volumes and rapid setup of low-volume MDA reactions, while limiting the opportunity for introduction of DNA contamination and reducing tip waste. Reducing the reaction volumes also decreases the costs of MDA reagents. At the DOE Joint Genome Institute, we apply the REPLI-g Single Cell reagents (Qiagen, cat. no. 150345) for our low-volume MDA reactions performed using the Echo, as they do not require additional UV decontamination, thus simplifying the workflow.
Experimental design
Sample preservation and preparation. If the environmental samples are not used immediately after collection, storage is required to preserve the integrity of the cell and its DNA. We recommend flash-freezing the samples in liquid nitrogen with a cryopreservant such as betaine or glycerol, which does not interfere with the downstream cell separation, lysis and DNA amplification steps 1, 11, 20 . Precipitant-free, aquatic samples can be directly mixed with the cryopreservant. Nonaquatic samples, such as sediments, soil, fecal samples, biofilms and sludge, may require additional sample preparation to disaggregate the cells and remove noncellular particles. It is generally advisable to minimize the length of sample handling before cryopreservation and to limit changes in ionic strength, pH and temperature. For sediments, soil and fecal samples, we recommend vortexing with a sterile, isotonic buffer, followed by brief centrifugation (Step 1A). Repeated pipetting through a syringe may be used to disperse cells comprising some microbial mats. Dense biofilm samples may require a more extensive mechanical disaggregation to make the sample suitable for flow cytometry (Step 1B). Sludge samples benefit from a centrifugation step and subsequent manual grinding to make the biomass accessible (Step 1C). The volumes given below can be scaled up or down according to the amount of biomass present in the sample. Ideally, preparation should be performed on fresh samples, followed by immediate cryopreservation; however, postprocessing of cryopreserved samples is also possible.
Cell lysis. The purpose of the lysis step is to degrade the microbial cell envelope without damaging the chromosomal DNA, introducing contamination or inhibiting subsequent amplification reactions. The majority of single-cell studies rely on an alkaline lysis procedure first described by Raghunathan et al. 21 , although alternative or supplementary treatments such as heat, freeze-thaw, detergents and treatment with hydrolytic enzymes have been used 6 . However, these lysis techniques are not universally effective on all microbes, and thus a substantial fraction of genomes may not be recovered from some environmental samples. We apply the alkaline lysis method in the subsequent procedure.
WGA. The most commonly used approach to amplify a whole genome is multiple displacement amplification (MDA). This method was first introduced by Dean et al. 22 , and it relies on the Phi29 polymerase from Bacillus bacteriophage to amplify femtogram levels of DNA. This isothermal, strand-displacing amplification yields, on average, >10-kb-long overlapping amplicons, which are suitable for whole-genome sequencing and de novo assembly, similarly to sequence data from DNA extracts of pure cultures. However, MDA results in uneven genome coverage that can be partially mitigated by wet-bench and bioinformatic normalization methods 1, 20, 23, 24 . Genomic rearrangements, or chimeras, are formed during MDA and can complicate genome assembly by linking noncontiguous chromosomal regions 15, 25 . The effect of these rearrangements can be limited by high sequence coverage and by avoiding long mate-pair libraries 24 .
The remaining challenges are the limited genome recovery-on average, approximately 40-55% of a single-cell genome is recovered 1, 11 -and the overall low efficiency of accessing the genomic DNA within single cells, which is in part linked to the inability to successfully lyse cells. The lysis and MDA success rates vary widely among environmental samples, ranging from <10 to 100% (refs. 1,11,16).
Contamination. MDA reactions are sensitive to DNA contamination present in the sample, reagents or contamination introduced through sample handling. The effect of DNA contamination can be controlled by establishing clean cell-sorting procedures 12, 20, 24, 26 , decontaminating commercially available MDA reagents 1, 20, 23 , expressing a custom ultrapure Phi29 enzyme 27 or by using commercial precleaned MDA kits that are specifically designed for single-cell templates. Volume reduction can also limit the impact of reagent contamination (Box 1). To minimize lab-introduced contamination, sorted single-cell plates should never be opened outside a clean PCR hood. To assess the degree of potential contamination, the inclusion of several plate rows of negative controls is highly recommended (Step 11).
Phylogenetic screening. Target genomes are typically identified after MDA by PCR amplification, sequencing and phylogenetic analysis of marker genes, e.g., 16S rRNA genes. We successfully used the following 'universal pyrotag' primer set-forward 926wF (5′-AAACTYAAAKGAATTGRCGG3′) and reverse 1392R (5′-ACGGGCGGTGTGTRC3′)-for archaea and bacteria ( Table 1) .
Short 16S rRNA gene amplicons, resulting from the primer set mentioned above or from 'universal i-tag' primers listed in Table 1 , provide, in our experience, sufficient resolution to assign a taxonomic classification at the phylum level. For taxonomic assignments below the phylum level, full-length 16S rRNA gene amplicons (generated, for example, by the primer pair 27F-YM and 1492R ( Table 1) ) are more suitable. However, the high rRNA gene diversity among microbial genomes makes it challenging to design truly universal primers that are suitable for the entire range of diverse microbial taxa. Please note that the purpose of the phylogenetic screening is to determine the taxonomic classification of the single amplified genomes (SAGs). This will allow single cells of interest to be selected for further downstream processing, such as multilocus or shotgun sequencing. Only a small aliquot of DNA generated in the WGA is used for the phylogenetic screening, and phylogenetic screening is optional. 'Universal' refers to primers targeting bacteria and archaea; for all nonuniversal primers the domain bacteria, archaea or eukarya is specified.
• Bring the volume up to 125 ml with DIW. Pass the solution through a 0.1-µm filter. Store it refrigerated at 4 °C for up to 1 year and re-filter it every month. GlyTE Make the GlyTE stock in a 250-ml flask by adding 20 ml of 100× TE (pH 8.0), 60 ml of DIW and 100 ml of molecular-grade glycerol (glycerol is best transferred with a syringe). Pass it through a 0.1-µm filter. Store the stock at −20 °C for up to 1 year. PBS buffer, 1× Dilute 10× sterile PBS solution to a 1:10 ratio in ultrapure water, such as Milli-Q water. Prepare 4 liters of 1× PBS, 2 liters each in 2-liter flasks. Freshly prepare the buffer before every use. NaCl solution, 15 p.p.t. Dissolve 105 g of combusted NaCl in 500 ml of UV-treated ultrapure water, and then filter the hypersaline solution through a 0.1-µm filter and dilute it to 7 liters with UV-treated ultrapure water. Freshly prepare the solution before every use.  crItIcal PBS buffer (1×) and 15 p.p.t. NaCl solution are used with freshwater and marine samples, respectively.
Single-cell collection via FACS
• (iv) Prepare several replicate vials for each sample. This method was found to work well for marine and freshwater samples.  pause poInt Betaine and GlyTE stocks can be stored at −80 °C for several months.
preparation of Facs for sterile sort • tIMInG 1 d 3| Prepare 4 liters of 1× PBS or 15 p.p.t. NaCl solution in two 2-liter quartz flasks and begin stirring with magnetic stir bars and plates within the clean hood. Position the empty sheath fluid tank and inverted lid inside the hood so that UV will shine on the inner surfaces. Close the hood and start the overnight UV exposure. We suggest dedicating one tank to clean sheath fluid. After UV exposure, carefully add sheath fluid to the tank while it is still inside the clean hood. Save at least 10 ml of clean sheath fluid for later use while sorting.  crItIcal step Clean cell-sorter and sheath fluid are essential for successful single-cell sorting and MDA. Fluidic lines on the cell sorter can be decontaminated by running bleach through the instrument, whereas sheath fluid can be decontaminated by UV treatment. We have found that the instrument remains clean for at least 3 d after decontamination, as long as clean sheath fluid is used. We also find that this procedure is suitable for decontaminating the same fluidic lines repeatedly for more than one use, and it is not necessary to replace fluidic lines between clean sorting runs. 
7|
Before sorting, UV-treat the microtiter plates openly (without a cover) for 10 min. To each well, add 1 µl of UV-treated, 1× TE buffer per well. UV-treat the plates again, this time with a cover, for another 10 min.  crItIcal step We recently found that the TE buffer can be omitted and that sorting in dry plates does not affect the downstream application. When you are performing a 'dry sort', the volume of sterile water in the WGA master mix needs to be increased by 1 µl per well to keep the overall volume constant.
8|
To avoid clogging the nozzle with any kind of aggregates, filter each sample through an appropriate filter (e.g., 40-µm nylon mesh when using a 70-µm nozzle).
9| Stain the cells with 1× SYBR Green fluorescent nucleic acid stain for 15 min in the dark at 4 °C. SYBR Green is supplied at 10,000× concentration, and we use it at a 1× final concentration, which amounts to a 10,000-fold dilution.  crItIcal step A wide variety of nucleic acid stains could be used at this step, and some work better than others for particular samples.
10| Run the stained sample and target your desired microbial population with a sort gate (Fig. 2) .  crItIcal step It can be challenging to find the target population in some environmental samples. For example, samples with high cell density (>10 6 cells per ml) and low background signal show a distinct microbial population (Fig. 2b) , whereas sediment samples generally display a less-well-defined target (Fig. 2d,e) . It may be helpful to compare stained and unstained samples when you are identifying target populations. Sample dilution may also be required (ensure that the diluent, such as clean sheath fluid, is UV-treated).
? troublesHootInG 11| Sort the target cells into the UV-treated microtiter plates containing 1 µl of 1× TE buffer per well. We recommend sorting the cells according to Figure 3 , which includes four columns of negative controls (no template). To avoid co-sorting of >1 cell, use stringent sort mask and a low event rate.  crItIcal step For samples with an expected high concentration of extracellular DNA or nontarget events, a two-step sort may be used to dilute this extracellular DNA. First, sort at least 10,000 target cells into 1 ml of UV-treated 1× PBS. Next, back-flush the sample line for 1 min with sheath fluid, run a 10% (wt/vol) bleach solution through the sample line for 5 min and back-flush it again for 5 min. After this, re-stain the sorted cells with 1× SYTO and use as a source sample for FACS deposition into microtiter plates.
12|
Cover the plates with sterile foil and store them at −80 °C. The plates should never be opened outside of a clean PCR hood before completing MDA.  pause poInt Sorted cells can be stored at −80 °C for several months.
single-cell lysis • tIMInG 2 h 13|
Before performing any work, wipe down all clean hood surfaces, pipettes and equipment with 10% (wt/vol) bleach. UV-treat the clean hood for 60 min with equipment inside.  crItIcal step It is essential to prepare as sterile an environment as possible when you are performing single-cell amplification. UV treatment of all equipment and disposables are recommended, followed by wiping with 10% (wt/vol) bleach, if applicable. It is recommended to have a dedicated area reserved for single-cell work only, in a separate location free of DNA, with separate equipment.
14| Thaw lysis buffer D2 and STOP buffer (as prepared in Reagent Setup
). The amount of lysis buffer added for each reaction should be calculated as follows: the cell in TE and the lysis buffer should be at a 1:1 ratio. At the same time, the final concentration of lysis buffer in the whole MDA reaction should be approximately 6-7% (vol/vol). The same amount of STOP buffer should also be added. For this example, a single cell was sorted into 1 µl of TE. A volume of 1 µl of lysis buffer should be added to obtain a final concentration of 6.7% in an MDA reaction of 15 µl. Calculate how much is needed based on the number of reactions, and then transfer the appropriate volume of both buffers to separate 1.5-ml Eppendorf Safe-Lock microcentrifuge tubes.  crItIcal step The following protocol describes performing MDA in 15-µl reactions. These reaction volumes may be adjusted up or down according to the parameters or requirements of individual experiments.  crItIcal step Another important consideration is that the larger the well that the single cell has been sorted into, the larger the reaction volume must be for the lysis buffer to completely cover the bottom of the well and to ensure a complete lysis of the cell.
15|
Place the tubes of lysis and STOP buffers in a small, foil-lined container (e.g., a pipette tip-box lid). UV-treat them in the Spectraline XL-1500 UV cross-linker for 60 min.
16| To each well (of the plates from
Step 12) containing a sorted single cell, add 1 µl of lysis buffer D2. Spin down the plate at 1,000g for 1 min and incubate them for 5 min at room temperature. Eppendorf Safe-Lock microcentrifuge tubes (with a maximum aliquot volume of 1 ml). See box 1 for information about how to carry out lower-volume MDA reactions.  crItIcal step Do not add SYTO 13 to the master mix at this point, as UV irradiation will degrade the dye.  crItIcal step Do not let the MDA master mix warm to a temperature above 30 °C. The Phi29 enzyme becomes inactivated at temperatures above 30 °C.
20| UV-treat the tubes of master mix in a reflective container on ice for 30-90 min in the Spectraline UV cross-linker, as described previously 23 . Arrange the tubes to rest ~8 cm below the UV bulb.  crItIcal step Because UV irradiation will raise the temperature within the UV cross-linker, it is important to UV-treat the MDA master mix on ice to avoid Phi29 enzyme deactivation.
21|
After UV treatment, add SYTO 13 (0.0015 µl per reaction) to the master mix to obtain a final concentration of 0.5 µM. Vortex and spin down the mixture.
22|
To the lysed cells from Step 17, add the 12 µl of MDA master mix to each well. Cover the plate with an optical seal and spin it down at 1,000g for 1 min. Incubate the plate at 30 °C for 16 h in the Roche LightCycler 480 or similar real-time thermocycler or plate reader. Figure 3a ,b exemplifies the MDA kinetics and plate layout for a 384-well plate.
? troublesHootInG 23| Heat-inactivate the Phi29 enzyme by incubating the completed MDA reaction at 65 °C for 10 min.  crItIcal step Although previous reports suggest debranching of the MDA products with S1 nuclease before sequencing 15 , we do not recommend this step. Our previous results suggest that S1 debranching has no effect on the chimera rate 12 , and we routinely sequence and phylogenetically screen single-cell MDA products without debranching.  pause poInt The amplified DNA is ready for phylogenetic screening and sequencing (Steps 24-30), and it can be stored for several months at −80 °C. However, freezing the MDA product results in a nonhomogenized DNA product upon thawing, and thus we suggest moving directly to phylogenetic screening when possible. Please note that the purpose of the phylogenetic screening is to determine the taxonomic classification of the SAGs. This will allow single cells of interest to be selected for further downstream processing, such as multilocus or shotgun sequencing. Only a small aliquot of the DNA generated in the WGA is used for phylogenetic screening, and phylogenetic screening is optional.
phylogenetic screening • tIMInG 3 h 24| Make a 1:20 dilution of the MDA product in nuclease-free water. Mix it thoroughly by hand-pipetting up and down.
If a large number of samples precludes hand-pipetting, mix the samples in a plate shaker for 15 min at the highest setting.  crItIcal step The MDA product is highly viscous. It is crucial to ensure that it is mixed thoroughly. Robotic instrumentation may also be helpful with pipette mixing.
25| Transfer 1 µl of diluted MDA product as template to an optical microtiter plate (e.g., LightCycler multiwell plate 384).
26|
Thaw the following reagents on ice for the 16S rRNA gene PCR: SsoAdvanced SYBR Green Supermix, 10-µM 926wF primer and 10-µM 1392R primer. Alternate primers are listed in table 1.  crItIcal step Minimize the exposure of SsoAdvance SYBR Green Supermix to direct light. 27| Gently mix all reagents by vortexing and spinning down. Each 10-µl PCR contains 3.6 µl of nuclease-free water, 5 µl of SsoAdvance SYBR Green Supermix (2×), 0.2 µl of 926wF primer (10 µM), 0.2 µl of 1392R primer (10 µM) and 1 µl of diluted MDA product as template. Prepare a sufficient amount of master mix for all reactions. Mix the reactions by vortexing and spinning down.
28|
To each well of 1 µl of diluted MDA product template, add 9 µl of master mix. Seal the plate with optical seal and spin down at 1,000g for 1 min.
29|
In a real-time thermocycling instrument, PCR-amplify the samples by using the cycling program recommended by the PCR kit manufacturer's instructions (Fig. 3c) . Incorporating a melt curve step into the cycling program will aid in the analysis of PCR products. ? troublesHootInG 30| Purify and sequence PCR products to identify the single-cell genomes. We clean up PCR products by using ExoSAP-IT according to the manufacturer's instructions, and we then Sanger-sequence them via an outside service. We amplify and sequence the 16S rRNA gene for the taxonomic classification of our single cells, as the 16S (or SSU) rRNA is considered the gold standard in bacterial and archaeal classification 29 , and databases and online tools facilitating the taxonomic identification are readily available 30, 31 .
? troublesHootInG Troubleshooting advice can be found in table 2. 
antIcIpateD results
This protocol enables recovery of amplified genomes from single cells found in a wide variety of environmental samples. The number of successfully amplified single cells can vary substantially between samples, and sample-specific preparation may be necessary for best results. In our experience, freshwater and marine samples yield the highest percentages of successfully amplified genomes (up to 40%), whereas success rates for soil samples tend to be low (<10%). Possible reasons for the high variability in genome amplification success between different sample types include resistance to lysis by some taxa and the presence of inhibitors of the MDA reaction. The successful single-cell amplification generally yields 100-200 ng/µl DNA, which can be directly used for multilocus or whole-genome sequencing without the need for re-amplification. Amplified single-cell genomes can also be used for the fabrication of DNA microarrays of select organisms of interest, which allows microarray-based monitoring of uncultivated microbes in various ecosystems and/or laboratory 32 . For sequenced single cells, the genomes recovered are, on average, 40-55% complete, ranging from a few percent to greater than 90%. This variation may be attributed to incomplete cell lysis restricting the access of the Phi29 enzyme to the DNA, partial degradation of the template DNA before MDA and/or bias of the amplification reaction. Performing combined assemblies of closely related single cells allows estimated genome recoveries approaching completeness 1, 8, 10 . coMpetInG FInancIal Interests The authors declare no competing financial interests.
